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I
The following experiments were carried out with two principal objects in view: (1) to investigate the deformation of those metals, particularly iron and steel, in which the stress-strain curve does not immediately rise at the onset of plastic distortion; (2) to determine the effect of rate of deformation on the yield and subsequent stress-strain curve.
It is impossible to give an adequate summary of the literature which deals with this subject, but a bibliography is included in an appendix and some of the most important results are referred to briefly below.
The first description of a fall in the load at the yield point in iron and steel was made by Bach (1905) . Since that time a similar effect has been observed in zinc and cadmium crystals (Becker and Orowan 1932; Orowan 1934; Schmid and Valouch 1932) , copper and copper alloy (Elam 1927) crystals, sodium chloride (Classen-Nekludowa 1929; Dawidenkow 1930; Joffe 1928 ), a brass (Elam 1927; Sachs and Shoji 1921) , both single crystals and polycrystalline material, and duralumin (Dawidenkow 193°)-The conditions affecting the occurrence of an upper yield point have been most fully investigated in the case of iron and steel, and of these the most important are: rate of application of load (Korber and Pomp 1934; Kuhnel 1928; Moser 1928; Quinney 1934 Quinney , 1936 Siebel and Pomp 1928) ; shape of test-piece (Bach 1904; Docherty and Thorne 1931; Kuhnel 1928; Quinney 1934 Quinney , 1936 ; axial loading (Docherty and Thorne 1931; Quinney 1934 Quinney , 1936 ; and heat treatm ent of the metal (Edwards and Pfeil 1925; Emsslin 1928; Kuhnel 1928) . The value of the upper yield point may, under favourable conditions, be raised momentarily above that of the breaking stress under a static test (Ginns 1937; Hopkinson 1905 ; Quinney 1934 Quinney , 1936 . The value of the lower yield is less affected by the conditions enumerated above and remains approximately constant for the material (Emsslin 1928; Kuhnel 1928; Moser 1928 ). It is not always possible to distinguish an upper and lower yield on certain testing machines, and this fact has recently led to much discussion, particularly in Germany, on the relation between testing machine and results obtained (Bernhardt 1936; Pomp and Krisch 1937; Siebel and Schwaigerer 1937; Spath 1937a, 6; Welter 1935) . Welter (1935) started the controversy by stating that the type of curve obtained depended on the elasticity of the machine. He and other workers compared the results of tests by direct loading, in beam type machines and in those of the type originally devised by Polanyi (1925) and elaborated by Quinney (1934 Quinney ( , 1936 , in which the load is applied by pulling against a spring. Tests were also carried out with a spring placed between the shackles of a lever testing machine together with the testpiece (Siebel and Schwaigerer 1937; Spath 1937a, 6; Welter 1935) . This method may be compared with that of Robertson and Cook (1913; Cook 1931) who made use of a weigh-bar in their measurements. Different results were obtained with the different methods employed. These experi ments also demonstrated the importance of rate of deformation in connexion with the yield point where a large increase in rate of flow takes place (Bernhardt 1936; Korber and Pomp 1934; Kuhnel 1928; Pomp and Krisch 1937; Siebel and Schwaigerer 1937) .
The effect of duration of test has been studied chiefly in connexion with creep phenomena and the rate of flow at temperatures higher than normal or on metals with low melting-points. Experiments at constant stress led Andrade (1910 Andrade ( , 1914 to put forward an empirical formula connecting change of length of a test-piece with time. The effect of velocity of defor mation on the stress has shown that the stress is greater at higher speeds (Deutler 1932; Ludwik 1909) . A change from a fast to a slow rate of extension has been compared with the afterworking of metals (Ludwik 1909) , and of amorphous substances (Braunbek 1929) , which are very susceptible to velocity of deformation.
In the Becker-Orowan (Orowan 1934 (Orowan , 1935a (Orowan , b, 1936 theory of hardening the rate of deformation is considered to vary with the externally applied stress and this in turn determines the shape of the stress-strain curve.
A stress-strain curve in which the load temporarily falls, or does not immediately rise with deformation, is very similar to the deformation by jumps (Becker and Orowan 1932; Classen-Nekludowa 1929; Dawidenkow 1930; Joffe 1928; Orowan 1934 , 1935a , Schmid and Valouch 1932 which is characteristic of certain crystals and polycrystalline materials. The magnitude and frequency of the jumps are remarkably uniform and they may be preceded by a building up of the stress caused by some hindrance to deformation, just as the yield point in iron is exceeded in certain circumstances. The extension associated with each jump varies from 5 to 200 jlc.
Another feature in common is the localized nature of the deformation which is associated with the formation of Liider's Lines in iron and steel (Docherty and Thorne 1931; Fell 1935; Kuntze and Sachs 1928 ; Nadai P art II. Introduction
Tensile testing machines
Two types of testing machine were used; a 50 ton Buckton and twoautographic recording machines, referred to as 5 and 6 ton machines, made in the Engineering Department to the design of Mr Quinney. The latter have been fully described elsewhere (Quinney 1934 (Quinney , 1936 , and it is only necessary to refer to the mechanism in so far as it affects the results of the tests carried out on them.
The results of calibration of load, extension, etc., will be found in Tables  II-IV . The rates of extension in the different gears were determined by means of a stop watch and measuring microscope and an automatic counter attached to the worm gear was also calibrated, and the time of each test and readings of the counter were made throughout the experiments. The rates of extension at the higher speeds, i.e. gears No. 2, 3 and i on the 5 ton machine, varied slightly with load owing to the slowing up of the motor. The arrangements on the 6 ton machine made it unsuitable for tests where rates of extension were required to be measured.
The record which is obtained on the smoked glass has one ordinate curved, as the pointer measuring the load moves along an arc of a circle of 35 in. radius. It must be measured in a similarly constructed machine which has also been calibrated with the testing machine. One of the diagrams has been superimposed on a chart showing the relation between the record and the load and extension ( fig. 2) .
The chief error was found to arise in the strain measurements due to sticking of the box holding the plate, tapes, etc., and to the fact that the bedding down of the heads of the test-piece and the differential extension of the shoulders are included in the total extension measured. Some of these difficulties cannot be overcome with the present design of the machine but the magnitude of the error can be ascertained.
In order to calibrate the extension, a travelling microscope was adjusted to read between razor blades attached to each shackle, and a direct reading of the movement of both shackles was made and compared with the move ment of the plate. One set of readings was taken with no test-piece in position, in which case only one shackle moved. When a test-piece was being pulled both shackles moved; that attached to the spring giving the movement due to the deflexion of the spring, whereas the difference between readings on both razor blades gave the total extension of the test-piece. By carrying out a number of measurements of the extension both loaded and unloaded, it was found that there was always a difference in the zero when readings on loading and unloading were compared. On the other hand, extension measurements from stage to stage of a test are reasonably accurate and agree with independent measurements by means of scratches on the surface of the test-piece. In the course of a normal test, however, readings are required in both directions, particularly where an extension of the test-piece causes a return of the spring, such as occurs at the yield point of iron and steel. The total elastic extension was also found to be inaccurate and the figures given in the tables are only approximate.
As all the tests and measurements were made in the same way, the results may be compared, even if errors are included in the absolute values given in the tables.
Shape and dimensions of test-pieces
The " streamlined" specimen advocated by Docherty and Thorne (1931) and by Quinney (1934 Quinney ( , 1936 has serious disadvantages when extension measurements are required and any accurate correlation of load and extension during the test. The only advantage seems to be that it is possible to obtain a high value for the upper yield, but as this is liable to fluctuation from a number of causes and the variations obtained even with streamlined test-pieces are so great, the disadvantages appear to outweigh the advan tages.
A normal shaped test-piece was therefore used throughout, having a parallel length of 6 in., 0-30 or 0-4 in. diameter, and heads 0-75 in. diameter and 0-5 in. long, which fitted into the ball shackles in the manner described by Quinney. In addition, some measurements were made on large bars 18 in. long, 0*75 in. diameter, and 8 in. parallel with screw threaded ends, which also fitted into ball shackles for use in the 50 ton Buckton testing machine. It was therefore possible to ensure axial loading in both machines.
The test-pieces were ground to their final dimensions so that the finish was good. For the purposes of measuring change in dimensions, they were marked usually by four fine scratches at 90° along the axis of the bar, and by a series of scratches 1 or 2 cm. apart at right angles to these. All test-pieces were heat-treated after machining by annealing vacuo or, in the case of the large bars, in hydrogen. Measurements of the diameters were made by means of a micrometer; between scratches by means of a travelling microscope reading to 0-001 mm.
Material
Tests were made on armco iron (not analysed) and two steels of the following composition: The copper was Post Office specification, high conductivity metal but has not been analysed as the tests were only comparative.
The duralumin was kindly given by Dr Leslie Aitcheson of James Booth and Co.
A representative series of High Duty alloys was specially prepared and supplied through the kindness of Mr W. C. Devereux.
The exact composition and treatment of these alloys are of secondary importance in the present investigation, as here also the tests are of a com parative character.
Description of experiments
(1) Comparison of tensile tests in Buckton and Autographic machines, with special reference to the nature of deformation at the yield The first experiments were intended to test the conditions under which a drop in load associated with the yield point could be demonstrated in the Buckton testing machine and at the same time to measure the change in dimensions. For this purpose large bars were chosen to give the best possible accuracy of measurement of diameter. For dimensions and descrip tion of preparation see p. 572. The steel used was T, 0*248 % C (see p. 572).
The load was applied in the usual way with the beam floating just above the stop. This was found to be necessary in order to interrupt the test within the yield.
After the load at which the first yield occurred was noted the specimen was removed and measured, reloaded, and the load at which it began to yield again measured. This was repeated until the load began to rise. The effect of rest during the yield for this steel was found to be negligible.
The measurements showed that during the yield the deformation was not uniform and the diameters in two directions at right angles sometimes differed as much as 0*3 %. Liider's Lines became visible on the surface, generally starting from one end, and spreading along the parallel portion.
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The true stress was calculated at each stage of the extension from measure ments of the diameters in the regions which showed maximum changes in dimension. In fig. 1 , No. 1 was heated at 780° C. for half an hour, No. 2 at 950° C. This treatment was given to obtain different grain sizes. Tests on two other bars, both heated at 900° C., fig. 1 , Nos. 3, 4, gave very consistent results both as regards value of stress at which plastic yielding continued at different stages of the yield and for length of yield which was approximately 1-2 5 % in the case of the bars heated at 900° C. and 1-9 % for those at 780° C. Table I shows the spread of the extension during the yield. These measure ments were made in Quinney's machine on a smaller bar (0-4 in. diameter, 6 in. parallel) and the travelling microscope was mounted so as to take readings while the specimen was still in the machine. The end of the yield, indicated by the diagram, came between the fourth and fifth extensions, by which time the distortion had become uni form, gaps between the Liider's Lines gradually having been " filled in " . There is every reason for assuming that the extension in each band is equal to the total yield.
These experiments confirm the work of Kuntze and Sachs (1928) on the change in dimensions which takes place through the yield. The tendency of the load to fall after the initial yield, can be shown if proper precautions are taken, and it cannot be attributed to change in cross-sectional area. Those bars in which the load did not fall, continued to deform throughout the yield at an almost constant stress, and this is not surprising since the metal in the unchanged part of the bar is still un-work-hardened. The observations of Edwards and Pfeil (1925) on the connexion between grain size and length of yield are also confirmed.
Some tests were also made with a f in. square bar of armco iron and a mild steel in order to watch more closely the formation of Liider's Lines. These were polished on all four sides and marked in order to obtain extension figures. The angles which the lines made on the faces were also measured, and were found to vary from 40 to 88°. They were not the same on opposite faces but in some cases could be traced round the intersection of two neighbouring faces. Assuming that in such a case the marks represented the traces of a plane on the two faces, the inclination of the plane to the axis could be ascertained. The planes varied from 40 to 50° to the axis. The fact that, even in a polycrystalline metal, there is a tendency to slip along planes of maximum shear stress, is in agreement with the observation of the formation of an ellipse in the round bars noted above. In most cases two sets of bands were formed, but this would also cause a thinning of the bar in one dimension if the deformation were confined to two planes at 180° to each other, i.e. on opposite sides of the bar. The amount of deforma tion that occurs in this manner must be very small.
Pyramid hardness tests were carried out on these bars in the region showing Liider's Lines. In the case of armco iron the extension at the yield which was approximately 2 %, gave an increase of 11 % (Fell 1927 (Fell , 1935 . In a mild steel an increase of 7-5 % was obtained with a yield of 2*4 %. In both cases the measurements were made about 2 weeks after straining.
(2) The effect of rate of deformation on the stress-strain curve {iron, steel, copper)
Tests at different speeds were carried out on armco iron, two steels (0 and T) and copper. The results are given in Tables II-IV and Great care was taken to compare test-pieces which had been cut from the same bar and heat-treated simultaneously. Considerable variations occurred in spite of all precautions, showing how sensitive the deformation must be to slight differences in individual tests.
Full details of the measurements made in the case of iron and steel are given in explanation of the tables, but it may be desirable to state briefly why these values were chosen for comparison. Previous work has shown th at an increased rate of loading raises the upper yield point but the relation between this point and the subsequent extension is not so well known. The first measurement required was the highest point reached at the yield (1). Secondly, the lowest load shown on the diagram after yielding had started (2), and the point at which this occurred in the yield, which is indicated by the extension (1-2). It has been pointed out already on p. 571 that an extension of the test-piece results immediately in a return of the spring and a drop in load on the record but that exact numerical agreement between the two values was never obtained owing to errors in the machine. Moreover, while a test is in progress the end of the test-piece attached to the spring is being moved in the opposite direction and the record merely indicates the result of these combined movements. It is not surprising therefore to find th at the average value for the lower yield also varies R e st, load removed for 2 0 h r s .^p -.
F ig . 6. Steel O. 6 = gear 4; 10 = very slow.
with the rate of testing and also that the lowest point may occur anywhere within the yield although in most instances it is nearer the upper yield. That is to say, maximum extension usually follows immediately the onset of plastic distortion, and is greater the higher the initial yield point. The ups and downs within the yield are associated with the propagation of the distortion by the formation of Luder's Lines. The value of the load at the end of the yield shows if the metal has hardened during this stage of the deformation, and the figures in the column headed [1] [2] [3] give the length of the yield. These stages cannot be separated in armco iron and are entirely absent in the tests at very slow speeds in both armco iron and the steel O. They persist, however, in steel T even at the slow speed of testing.
The results contained in Tables II-IV and illustrated in figs. 3-6 may be summarized as follows:
(1) The value of the upper yield point is raised by increased rates of deformation.
(2) The value of the lower yield is raised by increased rates of deformation.
(3) The length of the yield is increased by increased rates of deformation.
(4) The horizontal portion of the stress-strain curve may disappear in armco iron and a very low carbon steel if the rate of deformation is sufficiently slow.
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In fig. 7 the values of upper and lower yields are plotted against rates of deformation for armco iron. The maximum difference occurs between the slowest rate (which is very nearly zero on the scale of the diagrams) and the slowest rate obtainable on the Wilson automatic gear-box (R.R.). Rates of deformation between these have not yet been investigated.
Apart from the presence or absence of a well-marked yield, other differences are manifest between the very slow and more normal rates of testing. The curves obtained at the slowest speed rise steeply from the elastic limit in a series of irregular jerks, each one of which consists of an excessive rise and fall in load like miniature yields, but the curve continues to rise in between. The increase in resistance to deformation is also greater for the slow rate of extension. Fig. 9 shows the results obtained from two examples of armco iron. A quick method of comparing the curves direct from the records was. to print on to films and superimpose these, making a small allowance for differences in diameter where necessary. This obviated the laborious task of measuring up all the curves and plotting in the form of load-extension diagrams similar to fig. 9 .
A comparison of all the diagrams by this method showed that relatively large increases in rate of hardening occurred in armco iron and the steel O (not steel T) between the R.R. gear and very slow rates of extension, but that at greater speeds all the steels showed a change in the opposite direc tion as the speed was increased. Moreover, a change in the middle of the test from gear No. 4 to gear R.R. caused a definite drop in stress. Similar tests were then carried out with copper and here also a change of speed altered the stress. Fig. 8 was the curve obtained when copper was extended in stages of alternate speeds, R.R. and gear No. 3, with intervals of rest of half a minute. A sudden drop in load was always observed when any test (both iron and copper) was interrupted, the magnitude of the fall depending on the rate of deformation and the stress. There was no such drop at the end of very slow tests although creep would take place in time. A very slow test on copper showed that, unlike iron, the rate of hardening was less than at high speeds (gear No. 4). The two curves are given and compared with iron in fig. 9 . The effect of rate of deformation on the stress-strain curve just described is similar to that already investigated by Ludwik (1909) and Deutler (1932) , and can be applied to explain also the effect of speed on the lower yield. But the increase in resistance to deformation which occurs in armco iron and mild steel when extension is very slow presents a different problem and a solution may be sought in another well-known characteristic of iron and steel, namely, the property of hardening on resting after straining, originally investigated by Muir (1900a, b) .
Influence of rate of deformation on the tensile test
The effect of rest. The following experiments were carried out to test the influence of rests of varying periods at different stages of extension. Full details are given in Tables V, VI and a representative record is shown in figs. 10, 11.
It will be seen that a rest, even under load,* is followed by a new high yield which may exceed in magnitude the primary yield. This may be due partly to the better alignment of the test-piece and the smoothing out of inequalities during plastic distortion. The peak of the yield is followed by a drop back on to a curve which may be a continuation of the previous portion, or there may be a definite step up, according to the material and the length of rest. There was always a " step u p " with armco iron, but only after long rests with the steels. In fact, the curve with short rests was identical with a normal curve if the rates of extension were similar. There seems to be a tendency for the increase of hardness to become less for the same period of rest at the end of the test, but it is impossible to estimate the effect of previous rests on the subsequent behaviour of the specimen. The rate of hardening falls off with time, but it is quite possible that if a sufficiently long rest were given at each pause to enable the maximum hardness to develop the increase in hardness would be closely related to the amount of extension. This point cannot be decided from the present experiments as extensions between rests were not always the same.* A large number of separate tests on a series of specimens is required before the factors contributing to the increase in hardness are isolated and this involves introducing yet another variable in the use of different test-pieces. For the present, it may be said to be sufficient to have established the fact that the iron and steel used in these experiments, hardens on resting, to an amount closely related to the length of pause, and that these results are in agreement with the effect of a very slow rate of deformation in producing an increased rate of hardening. Similar tests with copper showed that this metal did not harden on resting and confirmed the observation that the rate of hardening at slow was less than at fast speeds.
Tables I I -V I
Tensile tests carried out on autographic machine Wilson automatic gear-box.
* There was no m eans of ensuring equal extensions except by tim ing and this was difficult over short periods. I t was successful in No. 12 O, when th e periods of extension were 40 sec. t A t rates of extension higher th a n gear No. 1 th e load affected the values obtained. Those given are average for th e tests m ade.
The numbers in headings refer to points measured on the curves as follows (see fig. 2 ): 0 = beginning of record. 1 = top of peak and beginning of plastic extension. 2 = lowest value of load given by pointer after plastic extension has begun. This is usually close to 1, but may occur at any point in the yield. 3 = end of yield, i.e. point at which curve begins to rise finally. Size of test-pieces, 0-30 or 0-40 in. diameter, 6 in. between shoulders. 
in. 
L oad (tons) i----------------------* ----------------------E xtension
Increase Increase Tim e (in.) E x t. A rea Top of E n d A fter after in stress of rest T otal from no. sq. in. In view of the fact that duralumin was reputed to have a yield point similar to iron and steel and to show Liider's Lines on straining (Dawidenkow 1930) , some tests were made on both duralumin and some High Duty alloys of different heat treatment.
Load (tons) t---------------------
A quenched and aged duralumin gave a uniform, smooth curve. One that was tested immediately after quenching gave a curve similar to that illustrated in fig. 13 . At a certain point in the extension, it seemed to become unstable and slipped in large jumps which increased as the test progressed. At the same time the bar became uneven. If the test-piece were kept in liquid air after quenching until it could be tested, the jerky deformation began sooner. It was thought possible that the process of age hardening might be responsible for the jumping deformation so tests were made on certain High Duty aluminium alloys of different heat treat ment. Some of these are stable at ordinary temperatures even in the quenched state, but the quenched alloys did not show this type of defor mation. Both of those which developed jumps in the course of the test were annealed and slowly cooled (Nos. 1, 5, Table VII, figs. 12, 13) .
Some of the alloys were also tested at two rates of straining. Particulars of results are given in Table VII. The yield points were indefinite except in No. 5 so that these figures are only approximate. In every case, the curve at the slow speed slightly exceeded the fast, in this way resembling armco iron. It is known (Guillet 1926; Teed 1936 ) that deformation assists age hardening by precipitation in quenched duralumin but there is no reason to expect precipitation in annealed alloys. On the other hand, tests on aluminium at two speeds at different temperatures carried out by Martin (1924) always gave a lower result for the slow speed, in this way resembling copper. It is characteristic of the deformation by jumps that their magnitude increases with the stress. The process is, in fact, similar to the increase of the drop in load illustrated in fig. 8 in the case of the copper test-piece which was stopped for half a minute when the rate of extension was changed. The faster gear, which was responsible for the increased stress, gave a greater drop. The release of the spring caused by the sudden extension associated with each jump in the aluminium alloys causes the pointer to swing back and to vibrate and mask the curve, but the peaks represent the loads held by the test-piece just before each jump occurs and the distance between them the amount of strain associated with each.
The lower series of points is unreliable for the purposes of measurement owing to the inertia of both spring and pointer.
In the duralumin, the maximum extension of each jump near fracture amounted to 0*0165 mm.; in the High Duty alloy No. 5 to 0*0384 mm. Each step in the extension left the metal harder than it was before the load immediately began to rise again and a line drawn through the tops of the peaks also gave a gradually rising curve.
The influence of rate of extension on the development of the jumps can be compared in figs. 12, 13. They reach their maximum at the slow speed. In this respect they may be compared with the rise and fall in the curves following a rest in iron and steel. In fact, the only difference appears to be that the jumps are not repeated in iron and steel except at very slow rates of straining (see figs. 5, 6).
The observations recorded above agree with the results of previous investigators on the occurrence of this type of deformation and it may well be that all plastic distortion takes place by steps and is not a continuous process. The uniformity of both dimensions and frequency of occurrence which has been noted in zinc and cadmium (Becker and Orowan 1932; Schmid and Valouch 1932) and also rock-salt crystals (Classen-Nekludowa 1929; Dawidenkow 1930; Joffe 1928) suggests that they are related to the crystal structure. On the other hand, it has also been shown that they follow damage to a crystal (Becker and Orowan 1932; Orowan 1934) ; for example, if a zinc crystal is bent or, if in course of preparation, it is drawn out of the molten bath too quickly.
The evidence is in favour of regarding a jump as a result of slip inter ference, by which the stress increases abnormally. When slip finally re commences the rate of deformation is relatively so great that a large slip occurs before the metal hardens. The effect of rate of strain on the magnitude of the jumps is twofold: (1) the hardening at slow speeds is greater in these alloys than at fast speeds, therefore the peaks tend to be higher; (2) the slow speed ensures that the full extension of the test-piece is recorded in the movement of the spring.
P art IV. Discussion of results
Previous work has been confirmed in all the experiments undertaken. With a uniform method of testing, the rate of deformation stands out as one of the most important factors influencing the stress-strain curve in both ferrous and non-ferrous metals. I t determines the stress at which plastic yielding commences. This in turn, together with the rate of extension and flexibility of the spring, determines the value of the lower yield in iron and steel. At sufficiently slow rates of extension there may be only one yield point and no horizontal part of the stress:strain diagram. A high yield stress gives a longer yield. Hence the influence of grain size on length of yield is also explained, as a fine-grained metal has a higher yield stress than a coarse. The mechanism of the drop at the yield appears to be similar to that associated with the jumping deformation described in Part III. The difference lies in the fact that in iron and steel the load does not rise again to the same value as the primary yield until a considerable further extension has taken place, whereas in the aluminium alloys the rise follows immediately. This particular type of slip is associated with a rise in stress above normal due to two principal causes: (1) high speed of loading, which suggests that the load must be applied for a certain minimum time before the metal begins to flow; (2) an internal slip hindrance which seems to be connected with distortion of the crystal structure.
The extension at the yield point in iron and steel has been shown to be very localized, so that large deformations take place in a relatively small number of crystals instead of being uniformly distributed over the whole length of the test-piece. This must cause instability in stress distribution and a tendency towards further deformation at a lower load, which is sometimes observed through the yield, although there is more often a slight rise. I t is generally accepted th at any distortion of the crystal struc ture increases the resistance to further deformation and the material within a Liider's Line has been shown to be harder than the unstrained metal. Therefore, immediately one part is deformed it will cease to yield further while the rest is undistorted, after which the stress must be increased to deform it further. If the steps by which this change proceeds are sufficiently small and are uniformly distributed, a gradually rising stress-strain curve is the result. In the case of the initial yield of iron and steel, the deforma tion, having once begun, proceeds normally during the horizontal part of the curve. But it is more difficult to explain how a large local extension can take place in the first place without affecting neighbouring crystals by causing an immediate hardening and spread of the distortion.
A comparison between the fast and slow rates of extension and the effect of rests on the different metals suggest a possible explanation. For the same extension, a very slow rate of deformation produces a greater degree of hardening in iron and low carbon steels and certain aluminium alloys and a lesser degree of hardening in copper, a higher carbon steel and aluminium. At normal and higher rates of deformation there is an increase of stress with velocity of deformation for all these metals, which has already been investigated by Ludwik (1909) and Deutler (1932) , and the latter has succeeded in confirming Prandtl's (1928) theory relating thereto. Prandtl assumes that certain atoms of a slip-plane in course of gliding are in an unstable position and require time to reach new positions of equilibrium. This may account for elastic after-working and a diminution of stress when deformation ceases (see p. 580). If sufficient time elapses, the metal may undergo a further process of recovery and may even soften considerably and creep under load. The process is accelerated by heat and if the temperature is high enough may counterbalance the effects of work-hardening. On the other hand it is reasonable to assume that if equilibrium is not reached immediately during deformation, the after effects may result equally well in an increase in hardness. On this hypo thesis, a metal deformed at a slow rate may harden more for a given defor mation than if it is deformed rapidly and a rest following a rapid distortion will enable the metal to reach its equilibrium state. This is a possible explanation of the experimental results obtained and is further confirmed by the fact that the increase in hardness is facilitated in iron and steel by low temperature annealing and that the first effects of heat on cold worked metals is often to harden them (Mathewson and Phillips 1916) .
As increase in hardness implies an increase of potential energy, it is to be expected that other physical properties will show a change in the same direction. There is no evidence to confirm this at present.
Assuming that certain metals do not immediately reach their maximum hardness on straining, a high rate of deformation may result in a pro portionately large distortion before the resistance to further distortion becomes effective. While velocity of deformation determines the stress, the stress in turn determines the rate of deformation under the influence of the spring in Polanyi's and Quinney's machines.
The views expressed above are in close agreement with those of Orowan* (Orowan 1934 (Orowan , 1935 (Orowan a, b, 1936 on the influence of time in testing. He also, arrives at the conclusion that rest can equally well cause recovery or an increase in resistance to deformation. There may be a critical rate of straining for each metal at a given temperature at which rate of increase of resistance to shear is balanced by rate of recovery.
If the rate of deformation is so high that the metal does not harden, the flow is proportional to the stress and, in the case of the horizontal part of the curve of iron and steel, it closely approaches true plastic distortion.
One point remains to be discussed. These experiments do not throw any more light on the problem of the high initial stress required to cause the first plastic yield in iron and steel or the rise which follows a rest. There seems to be greater difficulty in starting than in continuing plastic deforma tion. Orowan refers to " slip-hindrance" in general terms and connects it with dislocations in the crystal lattice. There is, however, a close relation between rate of loading and stress and it appears that a load must be applied for a certain minimum time before flow commences.
It is clear from the foregoing experiments that the rate of application of load should be stated in all tests, particularly when an autographic recording machine of the spring type is used. In fact, it may be said that no test is complete unless stress, strain, time and temperature are all recorded.
This work was carried out in the Engineering Department, Cambridge University. I wish to express my thanks to Professor C. E. Inglis, F.R.S., for the facilities which have been given me in his laboratory. I am particularly indebted to Mr G. S. Gough, M.A., for suggestions and advice which have proved invaluable.
